During cardiogenesis, most myocytes arise from cardiac progenitors expressing the transcription factors Isl1 and Nkx2-5. Here, we show that a direct repression of Isl1 by Nkx2-5 is necessary for proper development of the ventricular myocardial lineage. Overexpression of Nkx2-5 in mouse embryonic stem cells (ESCs) delayed specification of cardiac progenitors and inhibited expression of Isl1 and its downstream targets in Isl1 1 precursors. Embryos deficient for Nkx2-5 in the Isl1 1 lineage failed to downregulate Isl1 protein in cardiomyocytes of the heart tube. We demonstrated that Nkx2-5 directly binds to an Isl1 enhancer and represses Isl1 transcriptional activity. Furthermore, we showed that overexpression of Isl1 does not prevent cardiac differentiation of ESCs and in Xenopus laevis embryos. Instead, it leads to enhanced specification of cardiac progenitors, earlier cardiac differentiation, and increased cardiomyocyte number. Functional and molecular characterization of Isl1-overexpressing cardiomyocytes revealed higher beating frequencies in both ESC-derived contracting areas and Xenopus Isl1-gain-of-function hearts, which associated with upregulation of nodal-specific genes and downregulation of transcripts of working myocardium. Immunocytochemistry of cardiomyocyte lineage-specific markers demonstrated a reduction of ventricular cells and an increase of cells expressing the pacemaker channel Hcn4. Finally, optical action potential imaging of single cardiomyocytes combined with pharmacological approaches proved that Isl1 overexpression in ESCs resulted in normally electrophysiologically functional cells, highly enriched in the nodal subtype at the expense of the ventricular lineage. Our findings provide an Isl1/Nkx2-5-mediated mechanism that coordinately regulates the specification of cardiac progenitors toward the different myocardial lineages and ensures proper acquisition of myocyte subtype identity.
INTRODUCTION
The mammalian heart is composed of a complex set of muscle and nonmuscle cells that arise from multipotent progenitors in the first and second heart field (FHF and SHF) [1, 2] . Despite extensive study of heart development using genetically modified mouse models and lineage tracing experiments, a complete and accurate picture of the molecular pathways underpinning heart development is still elusive. Little is known about the control of the signaling networks that regulate the transition from progenitors toward differentiated myocardial cells and how these networks are perturbed in congenital and adult forms of heart disease.
The LIM-homeodomain transcription factor Isl1 is a key regulator of SHF progenitors and is required for survival, proliferation, and migration of these cells into the FHF-derived primitive heart tube, resulting in its elongation and further morphogenesis [3] . However, recent reports suggest that Isl1 is likely to be pan-cardiac progenitor marker, being expressed in both cardiac progenitor fields in early development [4, 5] . FHF and SHF progenitors also express NK2 transcription factor related, locus 5 (Nkx2-5), a pivotal regulator of the cardiac lineage [6] [7] [8] . While Isl1 is mostly restricted to a progenitor cell state in the heart and is downregulated upon myocardial differentiation, Nkx2-5 is expressed throughout cardiac development, with high levels in embryonic differentiated cardiomyocytes [9, 10] . In Nkx2-5 knockout mutants, the formation of the heart tube is severely affected, and proliferation of cardiac progenitor cells is altered, showing the key regulatory role of this transcription factor. In addition, genes normally expressed in the SHF and downregulated upon differentiation into myocardium, including Isl1, fail to undergo this downregulation [4] . a In the present study, we describe an Isl1/Nkx2-5-mediated mechanism that regulates cardiac progenitor cell fate by initiating differentiation into either a working myocardial or a sinoatrial node (SAN) cell type. Using genetic mouse and Xenopus models as well as molecular analyses in Nkx2-5-and Isl1-overexpressing mouse embryonic stem cells (ESCs), we demonstrate that a direct repression of Isl1 transcription by Nkx2-5 is necessary for proper specification and maturation of the ventricular myocardial lineages.
MATERIALS AND METHODS

Mice
Nkx2-5 fl/fl mice were generously provided by Kenneth R. Chien (Karolinska Institute, Solna, Sweden) [11] . Isl1-Cre mice were generously provided by Sylvia Evans (University of California-San Diego, La Jolla, CA) [12] . Mice are in a mixed 129 3 C57Bl/6 background.
Xenopus Experiments
Xenopus embryos were generated by in vitro fertilization and staged as described [13] . For gain of function experiments, isl1 RNA was injected either unilaterally (1 ng per embryo for marker gene analysis by whole-mount in situ hybridization [ISH]) or bilaterally (2 ng per embryo for heart rate and Isl1 downstream target gene analysis by reverse transcription polymerase chain reaction (RT-PCR)) into dorso-vegetal blastomeres of eight-cell stage embryos to target cardiac tissue. To control proper injections, 500 pg green fluorescent protein (GFP) mRNA were coinjected as a lineage tracer. In situ antisense RNA probes were generated as delineated earlier [14, 15] . Whole-mount in situ experiments were performed at stage 20 and 28 as described [16] and expression of Isl1 downstream target genes was analyzed on pooled heart explants isolated at stage 24.
Cell Culture
ESCs were maintained in standard ESC medium (Dulbecco's modified Eagle's medium [DMEM; Life Technologies, Darmstadt, Germany, http://www.lifetechnologies.com/de/de/home.html], supplemented with 2 mM L-glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 0.1 mM bmercaptoethanol, 50 U/ml penicillin, 50 mg/ml streptomycin, 15% fetal bovine serum [FBS] , and 0.1 mg/ml leukemia inhibitory factor [LIF; Millipore, Hessen, Germany, http://www.merckmillipore.com/DE/de]) on irradiated murine embryonic fibroblasts (MEFs). HEK293T and C3H 10 T1/2 cells were cultured in DMEM and basal medium Eagle (Life Technologies), respectively, supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, and 10% FBS. All cells were kept at 37 C and 5% CO 2 .
Genetically Modified ESCs and In Vitro Differentiation of ESCs
Mouse Isl1 and Nkx2-5 cDNA were cloned into the lentiviral transfer plasmid pRRLsin18.PPT.PGK.IRES.GFP. Lentiviruses were produced in HEK293T cells by transient cotransfection of lentiviral transfer vector, CMVDR8.74 packaging plasmid and VGV.G envelope plasmid using Fugene HD (Promega, Mannheim, Germany, http://www.promega.de/en/). Viral supernatants were harvested after 48 hours and used for infection of Isl1-nlacZ knock-in R1 ESCs in the presence of 8 mg/ml polybrene. One week after infection, ESCs were flow cytometry-sorted for eGFP expression. A second Isl1overexpressing ESC line was generated using a plasmid-based approach in E14 ESCs as described earlier [17] providing identical results to the lentiviral approach.
ESCs were differentiated as EBs generated by aggregation of MEF-depleted 6 3 10 4 cells per milliliter in ESC medium (without LIF) in low attachment plates coated with 5% poly(2hydroxyethyl methacrylate) (Sigma-Aldrich, Schnelldorf, Germany, http://www.sigmaaldrich.com/germany.html) or by the hanging drop method as described previously [17] . For the analysis of beating activity and lacZ staining, day 2 EBs were plated onto gelatine-coated 24-or 6-well plates. The percentage of wells containing beating EBs was determined during days 7 and 14 of EB differentiation. Beating frequency was measured at day 14 of EB differentiation as the number of beats per minute and statistically evaluated with Prism 5 (GraphPad Software). To derive single cardiomyocytes for immunofluorescence staining, beating areas from day 16 EBs were manually dissected, dispensed into single cells with 1.5 mg/ml collagenase II (290 U/ml; Worthington CLS, Lakewood, NJ, http://www.worthington-biochem.com/default.html) and transferred onto fibronectin-coated coverslips in six-well plates.
Western Blotting
Western blotting was performed using standard protocols, with the following antibodies: anti-Isl1 (39.4D5; Developmental Studies Hybridoma Bank, Iowa City, Iowa, http://dshb.biology. uiowa.edu/), anti-Nkx2-5 (N-19; Santa Cruz Biotechnology, Heidelberg, Germany, http://www.scbt.com/), and anti-b-actin (ab8227; Abcam, Cambridge, UK, http://www.abcam.com/).
LacZ, Immunocytochemistry, and Immunohistology
LacZ staining was performed on plated EBs after fixation with 0.2% glutaraldehyde, incubation in X-Gal solution containing 1.25 mM K 3 (Fe(CN) 6 ), 1.25 mM K 4 (Fe(CN) 6 ), 2 mM MgCl 2 , 0.02% Nonidet P-40, and 0.25 mg/ml X-Gal in phosphate buffered saline. For each differentiation experiment and time point, nuclear lacZ positive cells were counted in 20 EBs from each of the transgenic mouse ESC lines by investigators blinded to the genotype of the cells using a 340 objective in bright field. To inhibit proliferation, plated EBs were treated with mitomycin C (2 mg/ml; Sigma-Aldrich) at day 3 of differentiation, and lacZ positive cells were counted on the two following days. For immunofluorescence analysis, day 14 EBs or day 19 cardiomyocytes were fixed in 4% paraformaldehyde and subjected to specific immunostaining using following primary antibodies: cTnT (1:300; Abcam), a-actinin (1:300; Sigma-Aldrich), and Isl1 (1:150; Developmental Studies Hybridoma Bank). Immunocytochemistry for Mlc2a (1:200; Synaptic Systems, Goettingen, Germany, http://www.sysy.com/), Mlc2v (1:100; Proteintech, Manchester, UK, http://www.ptglab.com/; 1:100; Synaptic Systems), and Hcn4 (1:100; Abcam) was performed on dissociated cardiomyocytes at day 30 of differentiation. Phalloidin-AlexaFluor-594-conjugate (1:100; Life Technologies) was used to stain F-actin. For immunohistological analysis of mouse embryonic hearts, cryosections of 6-mm thickness were probed for Isl1, cTnT (1:1000; EPR3696; Abcam), and phospho-histone H3 (Ser10) (PHH3)-AlexaFluor-647 (1:100; Cell Signaling Technologies, Leiden, Netherlands, http://www.cellsignal.com/). Nuclei were visualized with 4 0 ,6-diamidino-2-phenylindole (DAPI) (Dianova, Hamburg, Germany, http://www.dianova.com/). AlexaFluor-488-, AlexaFluor-594-, AlexaFluor-647-(1:500; Life Technologies), and Cy3-conjugated (1:500; Dianova) secondary antibodies specific to the appropriate species were used. Images were captured using either a DMI6000-AF6000 Leica or a BX60 Olympus fluorescence microscope or a Leica TCS SP5 II confocal laser-scanning microscope.
Flow Cytometry
For b-galactosidase (b-gal)-based flow cytometry sorting, day 4 EBs were dissociated with 0.25% trypsin and incubated for 2 min with 1 mM C 12 FDG (Molecular Probes, Darmstadt, Germany, http://www.lifetechnologies.com/de/de/home.html) at 37 C. Isolation of C 12 FDG 1 cells was performed using FAC-SAria (BD, Heidelberg, Germany, http://www.bd.com/de/), and data were analyzed with FACSDiva software (BD). For Ki67 proliferation flow cytometry analysis, FDG 1 sorted cells from 5-day-old EBs were fixed with 3.7% formaldehyde, blocked, and incubated with primary Ki67 antibody (1:100; Abcam). Subsequently, AlexaFluor-647-conjugated secondary antibody specific to rabbit was used (1:500; Life Technologies). Flow cytometry was performed on a MoFlo XDP (Beckman-Coulter, Krefeld, Germany, http://www.beckmancoulter.de/), and data were analyzed using Kaluza software (Beckman-Coulter). For cTnT flow cytometry analysis, day 14 EBs were dissociated with collagenase, fixed with 3.7% formaldehyde, blocked and incubated with primary cTnT antibody (0.4 mg/ml, clone 13-11; Thermo Scientific, Schwerte, Germany, http://www.thermoscientificbio.com/). For detection, AlexaFluor-647conjugated secondary antibody specific to mouse was used (1:500; Life Technologies). Samples were measured on the FACSCalibur (BD). Data were analyzed using CellQuest software (BD).
Chromatin Immunoprecipitation Assay
Chromatin immunoprecipitation (ChIP) assay was performed on day 4 EBs as previously described [18] . Cloning and sequencing of 1000 DNA fragments precipitated by the anti-Isl1 antibody, followed by stringent validation [19] , identified over 600 genes, including the two previously characterized targets of Isl1, Mef2c and Gata6 [20] . DNA enrichment of the precipitated fragments was measured by quantitative PCR (qPCR) for selected genes. Details on the ChIP protocol can be found in the Supporting Information Methods.
Semiquantitative and Quantitative RT-PCR
Total RNA was extracted with the RNA Pure Kit (Peqlab, Erlangen, Germany, http://www.peqlab.de/wcms/de/index.php) or Absolutely RNA Kit (Agilent Technologies, Waldbronn, Germany, http://www.agilent.com/home). cDNA was synthesized with Superscript II (Life Technologies) and subjected to semiquantitative RT-PCR using Phire Hot Start II DNA Polymerase (Finnzymes, Schwerte, Germany, http://www.thermoscientificbio.com/finnzymes/). For quantitative RT-PCR (qRT-PCR) analysis, cDNA was synthesized with High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Darmstadt, Germany, http://www.lifetechnologies.com/de/de/home.html). One microliter of the RT reaction together with the Power SYBR Green or TaqMan Universal PCR Master Mix (Applied Biosystems) was used for the subsequent qPCR. Gene expression levels were normalized to Gapdh. Primer sequences and TaqMan probes are provided in Supporting Information Table S1 . The results illustrated in Figure 3A were obtained using a customized qRT-PCR TaqMan Low Density Array (IMGM Laboratories, Martinsried, Germany, http://www.imgm.com/).
Luciferase Assay
A 24.5 to 8.0 kb Isl1 enhancer region encompassing three Nkx2-5 binding sites was inserted into a minimal-promotercontaining luciferase reporter plasmid pgl4.24 (Promega). Luciferase assays were performed in C3H 10 T1/2 cells as described [18] .
Electrophoretic Mobility Shift Assay
HEK293T cells were transiently transfected with pcDNA-Nkx2-5 plasmid using SuperFect Transfection Reagent (Qiagen, Hilden, Germany, http://www.qiagen.com/de/) and 48 hours later nuclear protein extracts were prepared with NE-PER Nuclear and Cytoplasmic Extraction Reagent Kit (Thermo Scientific). Double stranded DNA probes, generated by annealing of sense and antisense oligonucleotides, were biotin-labeled using Biotin 3 0 End DNA Labeling Kit (Thermo Scientific) and Nkx2-5 DNA-binding activity was determined by the nonradioactive LightShift Chemiluminescent electromobility shift assay (EMSA; Thermo Scientific). For blotting, a Biodyne B nylon membrane (Thermo Scientific) was used. Signals were detected by applying stabilized Streptavidin Horseradish Peroxidase Conjugate and luminol solution (Thermo Scientific). The sequences of EMSA oligonucleotides are listed in Supporting Information Table S1.
In Situ Hybridization in Mouse Embryos
Whole-mount RNA in situ hybridization was carried out as described [3] . Isl1-and Nkx2-5-cDNA-pCR-BluntII-TOPO clones were used to synthesize antisense and sense RNA probes. Tbx5 in situ probe was kindly provided by Sylvia Evans (University of California-San Diego, La Jolla, CA) [3] . Wnt11 in situ probe was kindly provided by Andreas Kispert (Hannover Medical School, Hannover, Germany) [21] .
Cardiomyocyte Purification
Days 14 and 21 EBs were dissociated with collagenase followed by the digestion with 20 mg/ml DNAse I (Roche, Mannheim, Germany, http://lifescience.roche.com/shop/en/de/home). Cells resuspended in ADS buffer (6.8 g/l NaCl, 4.76 g/l HEPES, 0.12 g/l NaH 2 PO 4 , 1 g/l glucose, 0.4 g/l KCl, and 0.1 g/l MgSO 4 ) were layered on top of a gradient consisting of a bottom layer of 1.082 g/ml and a top layer of 1.059 g/ml percoll (Sigma-Aldrich) and centrifuged for 30 minutes at 1,851g. Cardiomyocytes from the pellet fraction were subjected to the qRT-PCR analysis. The purity of cardiomyocytes was 80-90% as assessed by immunofluorescence examination (data not shown).
Optical Action Potential Recordings and Analysis
Cardiac explants from 1-month-old EBs were dissociated with collagenase and cardiomyocytes were seeded onto collagencoated glass coverslips. Cells were measured at days 2 and 3 after dissociation with the voltage sensitive fluorescent probe 
Statistical Analysis
All data were expressed as means 6 SEM or as weighted means 6 weighted SEM. Data that passed tests for normality and equal variance were analyzed using a two-tailed Student's t test. Data that did not fulfill these criteria were subjected to the Mann-Whitney test. Distribution of cardiomyocyte subgroups was analyzed using a Chi-squared test. p values <.05 were considered statistically significant. 
RESULTS
Precocious Overexpression of Nkx2-5 in Mouse ESCs Suppresses Cardiac and Hemangioblast Programs During Early Mesoderm Development
Using a PGK-IRES-eGFP lentiviral vector system, we constitutively overexpressed Nkx2-5 in the Isl1-nlacZ knock-in ESC line (Nkx2-5OE ESCs) in which Isl1 gene expression can be monitored by expression of b-gal. As control, we generated an analogous line by transfection of the empty PGK-IRES-eGFP vector (GFP ESCs) ( Fig. 1A) . eGFP expression allowed detection and mechanical isolation of recombinant transduced clones. Overexpression of Nkx2-5 at the protein level was confirmed in undifferentiated Nkx2-5OE ESCs (Fig. 1B) . Consistent with our previously reported results [6] , Isl1-expressing progenitors arose normally within 3-5 days of EB differentiation in control GFP ESCs, as demonstrated by b-gal activity and Isl1 mRNA transcript detection ( Fig. 1C-1E ), while Nkx2-5 just began to be expressed at day 5 (Figs. 1E, 2C). The constitutive precocious overexpression of Nkx2-5 resulted in a delayed appearance and reduction of lacZ positive cells (Fig. 1C, 1D ), which was associated with a delayed expression of key transcription factors implicated in SHF progenitor regulation, including Tbx20 [2] , Gata4 [20] , Fgf10 [22, 23] , and Kdr [6] ( Fig. 1E ), suggesting a suppression of Isl1-mediated cardiac precursor specification by Nkx2-5. Notably, also Tbx5, which is predominantly expressed in FHF precursors [24, 25] , and the recently identified FHF progenitor marker Hcn4 [26, 27] , as well as the early cardiac differentiation marker cTnT were downregulated in the early stages of EB differentiation of Nkx2-5OE ESCs (Fig. 1E ), indicative of a more general inhibition of the cardiac program. These results corroborate the previous findings in global Nkx2-5 knockout mice, in which lack of Nkx2-5 caused an upregulation and ectopic expression of Isl1 and other early cardiac progenitor genes, leading to an overspecification of cardiac precursor cells [4] . Because earlier studies suggested that hematopoietic and endothelial cells as well as cardiomyocytes and endothelial/smooth muscle cells are derived from common progenitors expressing Kdr [28, 29] and this gene was upregulated in Nkx2-5OE EBs at day 5, we also examined whether forced overexpression of Nkx2-5 during early ESC differentiation could change the commitment of mesodermal progenitors from the cardiac toward the hemangioblast fate. Quantitative RT-PCR analysis for different endothelial/hematopoietic markers (Cd34, Pecam-1, Cdh5, Tie2, and Gata1) as well as the smooth muscle gene Acta2 revealed that all these transcripts were downregulated in 5-day-old Nkx2-5OE EBs (Supporting Information Fig. S1 ), suggesting that the cardiac regulator Nkx2-5 acts also as repressor of the hemangioblast program during mouse mesoderm fate determination in vitro, similarly to its reported effects in vivo [30, 31] .
Nkx2-5 Negatively Regulates Cardiac Progenitor Specification by Direct Inhibition of Isl1 Transcription
We further tested the hypothesis that the negative effects of Nkx2-5 on cardiac progenitor development of mouse ESCs in vitro are caused by repression of Isl1 and its transcriptional program. We first generated an Isl1-nlacZ knock-in ESC line that overexpresses Isl1 (Isl1OE ESCs) ( Fig. 2A ) and analyzed whether constitutive Isl1 overexpression would have opposite effects on the initiation of the cardiac program as compared to those exerted by Nkx2-5. Indeed, b-gal activity and expression profiling revealed an increased number of lacZ positive cells arising at day 4 of EB differentiation and a consistent upregulation of SHF and FHF cardiac progenitor markers in Isl1OE compared to control GFP ESCs (Fig. 2B, 2C ), indicating opposed regulation of cardiac induction by the two transcription factors. To dissect the specific contribution of cell specification and proliferation to the observed phenotypes, we first compared the occurrence of lacZ positive cells during early EB differentiation of the control GFP, Isl1OE, and Nkx2-5OE lines in presence of the antimitotic agent mitomycin C (Fig. 2D ). Mitomycin C treatment of 3-day-old EBs resulted in a striking reduction of lacZ positive cells arising at days 4 and 5 of EB differentiation in both GFP and Isl1OE ESCs (Fig. 2D ). No cells expressing b-gal were detected in the Nkx2-5OE line after mitomycin C application ( Fig. 2D) , indicating a lack of Isl1 1 progenitor specification during early stages of Nkx2-5OE EBs. Moreover, the number of lacZ positive cells specifying at 4day-old EBs was significantly higher in the Isl1OE condition compared to control and did not progressively increase at day 5 ( Fig. 2D ), indicating that induction of Isl1 1 progenitors is indeed increased and faster completed in the Isl1OE line. We further examined the proliferation capacity of purified Isl1 1 cardiac progenitors from 5-day-old EBs of Nkx2-5OE, Isl1OE, and GFP ESCs. Isolation of Isl1 1 /lacZ 1 cells was performed by fluorescence-activated cell sorting (FACS) after labeling with the fluorogenic, lipophilic b-gal substrate C 12 FDG (Supporting Information Fig. S2 ), as previously described [32] . Subsequent X-Gal staining on a small fraction of sorted cells demonstrated a purity of 90-95% of the C 12 FDG 1 cells ( Fig. 2E ), and Isl1 expression was significantly increased in C 12 FDG 1 cells compared to C 12 FDG 2 cells, as measured by qRT-PCR ( Fig. 2F) . Immunostaining for the proliferation marker Ki67 revealed similar proliferation rates of purified Isl1 1 /lacZ 1 progenitors from the different transgenic ESC lines, with a tendency to a slightly higher proliferation in Isl1OE cells ( Fig. 2G, 2H ). These findings suggest that the differences in the number of lacZ 1 cells observed upon constitutive Isl1 and Nkx2-5 overexpression mainly arise from opposing effects on Isl1 1 progenitor specification by the two transcription factors. Moreover, overexpression of Isl1 in Nkx2-5OE ESCs compensated for Nkx2-5 repressive effects in this context (Supporting Information Fig.  S3 ), further supporting a possible role of Isl1 as target for Nkx2-5 action.
We next performed ChIP analysis on day 4 differentiating EBs from the Isl1-nlacZ knock-in ESC line in order to identify direct Isl1 target genes. We selected several of the identified genes with potential roles in regulating Isl1 progenitor biology and whose ablation in mouse leads to cardiac phenotypes, and further analyzed their expression in the Isl1OE and Nkx2-5OE ESCs. These genes belong to signaling pathways involved in cardiac development, such as the bone morphogenetic protein receptor, type 1B (Bmpr1b), the Notch ligand delta-like 1 homolog (Dlk1) and the WNT inhibitory factor 1 (Wif1), or regulate cell growth and differentiation (the ret protooncogene, Ret), migration (the transmembrane protein Odz1 and the axon guidance receptor Robo2) and transcription (the myocardial SNF1-like kinase, Snf1lk), or are either cardiac transcription factors (the SRY-box containing gene 6, Sox6), cardiac progenitor markers (the insulin-like growth factor binding protein 5, Igfbp5), or cardiac muscle genes (the cardiac troponin T, Tnnt2, and the myocyte-enriched calcineurin-interacting protein 1, Dscr1l1). For all selected genes, specific enrichment in the precipitated DNA could be validated by quantitative PCR analysis (Supporting Information Fig. S4) .
In order to test whether the delay of cardiac progenitor specification in Nkx2-5OE ESC-derived cells was mediated by an inhibition of Isl1 transcription, we analyzed the expression level of Isl1 and its selected downstream target genes in FACS-sorted C 12 FDG 1 /Isl1 1 cardiac progenitors from day 5 differentiating EBs of Nkx2-5OE, Isl1OE, and GFP ESCs. Quantitative RT-PCR analysis demonstrated a nearly 50% reduction of Isl1 transcripts in Nkx2-5-overexpressing cells, which was accompanied by a dysregulation of Isl1 target genes (Fig. 3A) . Importantly, the changes in expression levels of all selected Isl1 target genes occurred in opposite direction compared to those induced by Isl1, strongly suggesting that Nkx2-5 is a negative regulator of Isl1 transcription. This hypothesis was also corroborated by a lower C 12 FDG fluorescence (Supporting Information Fig. S2B ) and X-Gal staining intensity (Fig. 1C ) of Isl1 1 /lacZ 1 cells derived from Nkx2-5OE ESCs compared to control GFP ESCs.
To determine whether Nkx2-5 can directly repress Isl1 transcription, we analyzed evolutionarily conserved regions within 610 kilobase (kb) of the transcription start site (TSS) of the Isl1 gene for the presence of Nkx2-5 DNA-binding sites. A cluster of three putative Nkx2-5 DNA-binding motifs (5 0 -TYAAGTG-3 0 ) was found in the region 4.5-8.0 kb upstream of the TSS (Fig. 3B) . We examined the ability of the 24.5 to 28.0 kb Isl1 enhancer region to regulate transactivation of a luciferase reporter construct by Nkx2-5. Introduction of the 24.5 to 28.0 kb Isl1 enhancer element upstream of a minimal promoter resulted in an about threefold increase in basal luciferase activity compared to the empty vector (Fig. 3C ). However, this increase was completely abolished by Nkx2-5, while no effect was observed with a control protein (GFP) ( Fig. 3C ), suggesting that Nkx2-5 acts as a transcriptional repressor at the in silico identified Nkx2-5 affinity sites. To determine whether the candidate Nkx2-5 sites in the 24.5 to 28.0 kb Isl1 enhancer region might represent bona fide cisacting elements, we tested each of the three sites for Nkx2-5 binding by EMSAs. Nkx2-5 specifically bound to all three sites, since the binding was efficiently competed by excess of unlabeled probes, but not by mutant versions of unlabeled competitors, and was abolished using mutated labeled probes (Fig. 3D ).
Negative Regulation of Isl1 by Nkx2-5 Occurs During SHF Progenitor Differentiation into Cardiomyocytes In Vivo
To further investigate the biological significance of Isl1 inhibition by Nkx2-5 in vivo, we performed Cre-mediated excision of Nkx2-5 in the Isl1 lineage. We crossed mice that were [11] to Isl1 Cre/1 mice, in which the Cre recombinase is expressed under control of the Isl1 locus [12] (Fig. 4A ). Isl1 Cre/1 ;Nkx2-5 fl/fl mice exhibited growth retardation at around ED9.0 and died at around ED10.5, consistently with recently reported data [33] . Whole-mount RNA ISH showed that the Isl1-Cre-mediated recombination of floxed Nkx2-5 alleles was efficient and tissue specific ( Fig. 4B and Supporting Information Fig. S5A, S5B) . Interestingly, Nkx2-5 transcript was lost in almost all cells forming the heart of Isl1 Cre/1 ;Nkx2-5 fl/fl mice at ED9.5 (Fig. 4B) , demonstrating that Isl1 is indeed a pan-cardiac progenitor cell marker, as previously suggested [5] . Morphological comparison of Isl1 1/1 ;Nkx2-5 fl/fl littermates to their mutant counterparts at ED9-9.5 (16-21 somite pairs) (Fig. 4B, 4C ) indicated a grossly truncated outflow tract (OFT) and indistinct right ventricle (RV), with forward growth of the ventricle in the absence of looping morphogenesis, thus highlighting a prominent SHF defect, similar to that observed in global Nkx2-5 null mice [4, 8] . Loss of RV and foreshortened OFT in Isl1 Cre/1 ;Nkx2-5 fl/fl mutants was also confirmed by ISH analysis using markers for OFT and ventricular tissue identity (Supporting Information Fig. S6 ). Importantly in Isl1 Cre/1 ;Nkx2-5 fl/fl mutants at ED9.0 Isl1 transcript was rather decreased in SHF progenitor cells that were added to the arterial and venous poles, but persisted in cardiomyocytes of the heart tube (Fig. 4C, 4D and Supporting Information Fig. S5C-S5F) . A detailed examination of Isl1 expression by immunohistochemistry confirmed that Isl1 protein was still maintained throughout the whole mutant heart (Fig. 4D) , while in the control littermates Isl1 was only detectable in the differentiating myocytes of the OFT and nascent myocardium of the sinus venosus, the primitive pacemaker region that later gives rise to the sinoatrial node. Furthermore, the number of Isl1 positive cells in the splanchnic mesoderm and foregut endoderm as well as their proliferative index scored by phosphohistone H3 did not significantly differ in Isl1 Cre/1 ;Nkx2-5 fl/fl mutants (Supporting Information Fig. S7 ), suggesting that the lower Isl1 transcript signal observed by ISH in SHF progenitors is likely to be attributable to the 50% reduction of Isl1 expression in heterozygous Isl1-Cre/1 mice (Supporting Information Fig. S8 ) rather than to a defect in proliferation.
Together, these results suggest that inhibition of Isl1 transcription by Nkx2-5 is likely to occur in vivo during SHF progenitor differentiation and identify Nkx2-5 as direct responsible mediator of Isl1 repression in differentiated cardiomyocytes of the working myocardium.
Overexpression of Isl1 Does Not Prevent Cardiac Differentiation in Mouse ESCs and Xenopus laevis Embryos
In order to investigate the functional role of Nkx2-5-mediated repression of Isl1 during cardiac differentiation, we first analyzed the in vitro cardiac differentiation potential of Isl1OE ESCs (Fig. 5A-5E ). Interestingly, overexpression of Isl1 did not prevent these cells from generating functional cardiomyocytes, as demonstrated by the appearance of a contractile phenotype in differentiating cultures (Fig. 5A) . To the contrary, cardiac differentiation as measured by the appearance of spontaneously beating foci occurred significantly earlier in comparison to GFP ( Fig. 5A and Supporting Information Fig.  S9A ). Marker gene analyses by semiquantitative RT-PCR indicated a continuous and strong expression of exogenous Isl1 in days 6-14 EBs from the Isl1OE line and upregulation of genes linked to SHF development, for example, Bmp4, Foxc2, or Fgf8 (Supporting Information Fig. S9B ). In concordance with the increased number in contractile areas, immunofluorescence revealed more and larger areas of cells positive for the cardiac specific sarcomeric protein Troponin T (cTnT) in Isl1OE when compared to GFP EBs (Fig. 5B) . Flow cytometry analysis confirmed that constitutive Isl1 overexpression led to a 6-fold increase in differentiated cardiomyocytes (Fig. 5C) , likely due to the enhanced specification of cardiac progenitors (Fig. 2B, 2C) . A closer inspection of differentiated single cardiomyocytes demonstrated the formation of a normal contractile apparatus in Isl1-overexpressing cells, as shown by immunostaining for the Z-disk protein a-actinin and the Aband protein cTnT ( Fig. 5D and Supporting Information Fig.  S10 ). In both cases, a clear sarcomeric patterning similar to the control situation was observed (Supporting Information Fig. S10 ). Interestingly, when comparing the beating frequency of contracting areas of differentiating EBs, we found that Isl1overexpressing cells exhibited a faster spontaneous firing rate than GFP ( Fig. 5E and Supporting Information Fig. S9C ), which is typical of nodal myocytes [34] . This finding is in accordance with the upregulation of the pacemaker ion channel gene Hcn4 as demonstrated by RT-PCR in differentiating Isl1OE EBs (Fig. 2C and Supporting Information Fig. S9B ).
To further substantiate these findings in vivo, we performed Isl1-gain-of-function experiments in Xenopus laevis embryos. As we showed previously, Xenopus isl1 and nkx2-5 are coexpressed in the common cardiac progenitors. Whereas isl1 expression in cardiac cells is downregulated, nkx2-5 expression persists during differentiation of cardiomyocytes also in X. laevis [14, 15] . We microinjected RNA coding for Xenopus isl1 into the presumptive cardiac region of Xenopus embryos at eight-cell stage. GFP RNA was coinjected to select for correctly injected embryos that harbor GFP expression in the cardiogenic region ( Fig. 5F ). To monitor cardiac induction and differentiation, we analyzed the expression of the early cardiac markers nkx2-5, tbx20, and mef2d at stage 20 (Fig. 5G, 5H ) as well as cardiac tnni3, myh6, and tbx5 at stage 28 (Fig. 5I, 5J) , and did not observe any changes. However, tnnt2, igfbp5, and mef2c, which were identified as Isl1 downstream target genes in our ChIP analysis of differentiating mouse ESCs, were upregulated in Isl1-overexpressing hearts at stage 24, as measured by semiquantitative RT-PCR (Fig. 5K) . Moreover, the beating frequency of the developing heart in Xenopus embryos at stage 42 was faster upon Isl1 overexpression (Fig. 5L) . Taken together, these observations support our finding in murine ESCs that Isl1 gain of function does not interfere with differentiation of cardiac progenitors toward cardiomyocytes but rather may influence SAN versus working myocardial cell fate.
Isl1 Regulates Expression of Cardiac Subtype-Specific Genes
We used qRT-PCR to compare the expression of a panel of subtype-specific genes in control GFP and Isl1OE ESC-derived cardiomyocytes at different maturation stages. Interestingly, many genes important for development and function of SAN cells were significantly upregulated in Isl1OE cardiomyocytes (Fig. 6A) . These included members of the hyperpolarizationactivated cyclic nucleotide-gated channel family, Hcn4 and Hcn1 [35, 36] , several components of T-and L-type voltagedependent Ca 21 channels, such as the a-subunits Cav3.1 (Cacna1g) and Cav1.2 (Cacna1c) as well as the auxiliary subunit Cava2d2 (Cacna2d2) [37, 38] , and critical transcriptional regulators of SAN formation, such as the T-box transcription factor Tbx2 [39, 40] (Fig. 6A) . In contrast, expression of Irx4 and Hey2 transcription factors, which play a crucial role in establishing ventricular chamber specification of the developing heart [41] [42] [43] [44] , was reduced in Isl1OE cardiomyocytes (Fig. 6A ). In addition, these cells failed to upregulate the ventricular specific isoform of myosin light chain 2 (Myl2) [45, 46] and other genes essential for working-myocardium identity and function, such as the a-subunit of the cardiac sodium channel Nav1.5 (Scn5a) [35] and the high Figure 5 . [47] (Fig. 6A) . Likewise, the gap junction protein Cx40 (Gja5) and the atrial chamber specification factor Anf (Nppa), both early and specific markers of the working-type cardiomyocytes in the nascent atrial and ventricular chambers [47] [48] [49] [50] , were downregulated in Isl1OE cardiomyocytes (Fig. 6A) . Interestingly, expression of the atrial specific isoform of the myosin light chain 2 (Myl7), which is detected throughout the whole early developing mouse heart and becomes predominant in the atrial tissue and SAN at later embryonic stages [51] , was rather increased in Isl1OE cardiomyocytes (Fig. 6A) . These data further suggested that maintained Isl1 expression in differentiating cardiomyocytes might negatively affect their workingmyocardium fate in favor of a nodal phenotype.
To investigate whether the alterations in gene expression profile in the Isl1OE cardiomyocytes indeed reflect a different relative abundance of cardiac cell subtypes, we first performed coimmunofluorescence analysis in 1-month-old dissociated cardiomyocytes using antibodies specific for the ventricular and atrial isoforms of the myosin light chain sarcomeric protein (Mlc2v and Mlc2a) as well as the Hcn4 channel, which is highly expressed in the SAN and is required for mature cardiac pacemaker activity [52] (Fig. 6B-6E ). In the control GFP group, we detected a similar percentage of cells uniquely expressing Mlc2v (43% 6 3%) or Mlc2a (40% 6 4%) in a well-organized, striated pattern; a minority (17% 6 2%) was positive for both isoforms, likely representing cardiomyocytes in the stage of specification into the ventricular lineage ( Fig. 6C) . Interestingly, costaining for the Mlc2 proteins and the Hcn4 pacemaker channel revealed that 14% 6 2% of the Mlc2a positive cardiomyocytes also expressed Hcn4, while no cells only Hcn4 1 or Mlc2v 1 /Hcn4 1 were found (Fig. 6D, 6E) . The same quantitative analysis in cardiomyocytes differentiated from the Isl1OE line demonstrated a significant, striking reduction of Mlc2v positive cells (6% 6 1% Mlc2v 1 and 6% 6 1% Mlc2v 1 /Mlc2a 1 ) in favor of Mlc2a expressing cells (88% 6 2%), with more than a third of the latter costaining positively for Hcn4 (38% 6 2%) ( Fig. 6C, 6E) .
These protein analysis results are consistent with the transcript levels measured by qRT-PCR, and all together suggest a possible function of Isl1 in controlling myocardial cell fate by repressing the ventricular gene program and promoting specification into the nodal lineage.
Isl1 Represses Specification of the Ventricular Lineage While Promoting Sinoatrial Node Fate
We further confirmed the hypothesis that Isl1 regulates cell subtype identity during cardiomyocyte differentiation by analyzing the electrophysiological properties of 1-month-old, spontaneously beating single cells isolated from the Isl1OE and control GFP ESC lines. We performed optical imaging of APs [53, 54] , which has been recently demonstrated to allow rapid and robust phenotyping of large numbers of pluripotent stem cell-derived cardiomyocytes [55, 56] . Action potentials serve as a "finger-print" of different cardiomyocyte lineages. Atrial-and ventricular-like APs differ in their plateau shape and duration at 50% (APD50) and 90% (APD90) of repolarization, with the ventricular one having a longer plateau and the atrial being more triangular [57] . Thus, we could distinguish these two types of APs based on the value of the ADP90/APD50 ratio [58] , which ranged between 1.2 and 1.9 for the ventricular and was larger than 2.5 for the atrial phenotype, respectively (Fig.  7A) . The identification of nodal-like APs was based on the prominent diastolic depolarization (DD) phase (Fig. 7A) and on their sensitivity to ivabradine, a specific and selective blocker of the cardiac pacemaker "funny" current (I f ) generated by the Hcn channels [59] . Consistently with previous studies on murine embryonic cardiomyocytes [60] , treatment with 30 mM ivabradine-a concentration that is sufficient to achieve a complete I f block [61] -was able to abolish the spontaneous activity selectively in the nodal cells, while only a reduction of frequency was observed for the APs with a ventricular-like or atrial-like phenotype (Supporting Information Fig. S11 ). Similar findings have been recently reported in mouse ESC-derived cardiomyocytes using ZENECA ZD7288 as specific Hcn channel blocker [62] . Based on the unique AP traits and the pharmacological response to ivabradine, we found that the cardiomyocyte population arising from the control GFP ESC line consisted of 53% 6 2% ventricular, 7% 6 2% atrial, 20% 6 5% nodal, and 20% 6 5% "intermediate" cells, with an AP shape in between the ventricular and atrial phenotype (Fig. 7B ). These findings are in accordance with previously published results obtained with classical patch-clamp electrophysiology [63] . Importantly, only 14% 6 3% of the cardiomyocytes overexpressing Isl1 showed ventricular-like APs, while no change in the proportion of the atrial-like (11% 6 2%) and "intermediate" (20% 6 6%) AP traits was observed (Fig. 7B) . Moreover, 30 mM ivabradine completely abolished the spontaneous electrical firing in more than half of the Isl1OE cells (55% 6 7%), all of which presented marked diastolic depolarization, confirming their nodal identity (Fig. 7B) . These results suggested that Isl1 expression in differentiating cardiomyocytes results in an increased specification of the nodal lineage at the expense of the ventricular population. To further investigate whether this effect might associate with an Isl1-dependent upregulation of Hcn channels during cardiomyocyte induction, we compared the amount of I f current in control GFP and Isl1OE cells with a nodal-like phenotype by measuring the changes in the steepness of the DD and spontaneous beating rate induced by 3 mM ivabradine, a concentration that blocks only 60% of I f current in SAN cells [64] . We did not observe any significant differences in both parameters between the two groups ( Fig.  7C ), suggesting a similar expression of Hcn channels in the nodal cells.
DISCUSSION
Despite the tremendous progress made during the last 20 years in understanding the molecular mechanisms that govern cardiomyocyte diversification, several questions remain concerning the fine-tuning of the expression of key developmental regulators, their exact contribution to cardiomyocyte specification and their interaction. During cardiogenesis, Isl1 and Nkx2-5 are coexpressed in cardiac progenitors of the SHF and are essential for their proper development [3, 4, 6] . Subsequently, Isl1 is downregulated in the differentiating myocytic progeny, while Nkx2-5 expression is maintained and even increases in these cells [6] . Several activators of Isl1 expression have been identified, including Tbx1, Fgf8, Shox2, Forkhead proteins, Gata4, and Oct1 [65] [66] [67] [68] [69] [70] . In contrast, little is known about factors that negatively regulate Isl1 and its transcriptional program. In this context, direct repression of Isl1 transcription in the developing heart has been ascribed to Tbx20 [71] . However, since upregulation of Isl1 does not account for the cardiac defects observed in Tbx20 null mice [71] , the biological significance of this regulation still needs to be explored. Recently, analysis of the developing heart of global Nkx2-5 knockout mice and zebrafish embryos revealed upregulation of Isl1 and other progenitor markers of the SHF and their ectopic expression in differentiating myocytes, suggesting a major role for Nkx2-5 in modulating expression of genes associated with cardiac induction and progenitor cell status [4, 18] . Our data indicate that Nkx2-5 can directly regulate Isl1 transcription and is responsible for its downregulation in differentiating myocytes of the working ventricular myocardium (Fig. 7D ).
Nkx2-5 Is a Direct Regulator of Isl1 Expression
Our results led us to the conclusion that the transcription factor Nkx2-5 directly represses Isl1 expression, thereby controlling its transcriptional program: (a) constitutive overexpression of Nkx2-5 led to downregulation of Isl1 and its downstream targets in differentiating murine Isl1-nLacZ knock-in ESCs; (b) conditional knockout of Nkx2-5 in the Isl1 lineage resulted in persistent expression of Isl1 in the developing heart tube, corroborating the findings in global Nkx2-5 deficient mice [4] ; and (c) we identified a conserved 24.5 to 28.0 kb region within the Isl1 enhancer that contained three consensus Nkx2-5 binding sites and demonstrated direct binding and regulation by Nkx2-5. Interestingly, recent molecular and genetic analysis of a Fgf10 cardiac element indicated that Isl1 and Nkx2-5 can have overlapping binding sites for which they compete, making target gene expression dependent on the expression ratio of these two transcription factors [72] . Thus, a similar regulatory relationship between Isl1 and Nkx2-5 may also be valid for the identified Isl1 downstream targets that showed opposite regulation in Isl1 1 progenitors overexpressing either Nkx2-5 or Isl1.
Furthermore, we showed that forced overexpression of Nkx2-5 in differentiating mouse ESCs leads to inhibition of cardiac specification, confirming studies attributing a negative regulation of cardiovascular progenitor genes to Nkx2-5 [4] . Intriguingly, previous constitutive overexpression of the human NKX2-5 transcript in mouse ESCs through the cytomegalovirus (CMV) promoter has been reported to enhance cardiogenesis in vitro, leading to preferentially differentiated ventricular cardiomyocytes [63] . Since specification and differentiation of cardiac lineages during embryonic development is under tight spatial and temporal control that is achieved by the fine regulation of gene networks [1, 2, 73] , these discrepancies are likely attributable to technical variances that might result in temporal and cell type differences of Nkx2-5 dosage during ESC differentiation. For instance, compared to the CMV promoter, whose effectiveness is very cell-lineage dependent, the phosphoglycerate kinase-1 (PGK) promoter used in our transgenic lines drives a higher and more stable transgene expression in undifferentiated ESCs and is strongly active in almost all mouse ESC derivatives [74] . In contrast to Nkx2-5 overexpression, forced Isl1 expression promoted Isl1 1 precursors and positively regulated cardiac progenitor markers, substantiating earlier work on Isl1 knockout mutant. Importantly, Isl1 could rescue the cardiac specification defect caused by Nkx2-5, indicating that this phenotype was likely driven by a downregulation of the Isl1 program, which is necessary for early cardiac progenitor specification [3] .
In addition, we provide further evidence that Isl1 is likely to be a pan-cardiac progenitor marker [4, 5, 14, 75, 76] . First, Isl1 activated genes of both FHF and SHF during cardiac differentiation of Isl1OE ESCs. Second, conditional ablation of Nkx2-5 specifically in the Isl1 expression domain resulted in the absence of Nkx2-5 in virtually all cells of the heart and not only in the SHF derivatives, placing Isl1 high in the hierarchy of the transcription factors active in cardiac progenitors [75] .
Isl1 Coordinates Cardiomyocyte Subtype Specification by Repressing the Ventricular Lineage and Promoting the Sinoatrial Node Fate
In ED8.25 mouse embryos, Isl1 1 progenitor cells are found dorsal of the developing heart tube in the mesenchyme adjacent to the foregut endoderm. When these cells migrate into the developing heart, they lose Isl1 expression and increase Nkx2-5 levels [6] . Our results suggest that Nkx2-5 may be directly responsible for the downregulation of Isl1 expression in cardiomyocytes and its confinement to the cardiac precursors. Previous work by others has shown that transient overexpression of Isl1 during EB differentiation leads to an expansion of the myocytic fraction [77, 78] . However, the consequences of sustained Isl1 expression and, thus, the biological significance of Isl1 repression in cardiomyocytes were not explored until now. Our study revealed that constitutive Isl1 expression during cardiac development in vitro and in vivo does not prevent myocytic differentiation. On the contrary, we show that excess of Isl1 results in an increased number of myocytes. In addition, our molecular expression profiling combined with the functional analysis of action potentials demonstrated that failed downregulation of Isl1 during cardiac differentiation of mESCs controls cardiomyocyte lineage diversification by repressing the ventricular and promoting the sinoatrial node fates.
Immature cardiomyocytes derived from the in vitrodifferentiated ESCs display properties of nodal cells, making it difficult to distinguish them from each other [79] . Being aware of this limitation, we conducted our study comparing cells at different maturation stages and using a pharmacological dissection tool (ivabradine) in order to functionally discriminate between working myocardium and sinoatrial node cardiomyocytes. Many pieces of evidence support our conclusion that persistent Isl1 expression in differentiating cardiomyocytes indeed differentially regulates myocyte lineage specification rather than simply delays maturation. The permanent higher expression level of nodal markers and failure of Isl1OE cardiomyocytes to upregulate working-myocardium genes even at day 21 of in vitro differentiation-which corresponds to a terminally differentiated state-argues against a mere block of maturation (Fig. 6A) . This is further supported by the observation that Isl1OE EBs started to beat earlier than their control counterparts ( Fig. 5A ) and showed wellorganized sarcomeres (Supporting Information Fig. S10 ), indicating that cardiomyocyte maturation is not delayed. Most importantly, the high-throughput AP phenotyping and the pharmacological dissection approaches allowed us to test for cardiomyocyte functionality, evaluate statistical differences in cardiac subtype prevalence, and investigate changes in expression levels of specifically upregulated nodal markers, such as Hcn channels, in single Isl1OE ESC-derived cardiomyocytes. All together, our results indicate that maintained Isl1 expression does not alter electrophysiological properties of cardiomyocytes but rather assures the establishment of the nodal phenotype at the expense of the ventricular lineage.
Notably, it has been recently reported that treatment of differentiating murine ESCs with 1-ethyl-2-benzimidazolinone 1126 Nkx2-5 Represses Isl1 in Cardiogenesis V C AlphaMed Press 2014 STEM CELLS (EBIO), an activator of Ca 21 -activated potassium channels of small and intermediate conductance, enriches for pacemakerspecific gene expression, while suppressing ventricular-specific genes [80] . Interestingly, application of EBIO increased Isl1 expression in the EB culture. Thus, EBIO-mediated stimulation of the pacemaker gene program is likely to be induced by Isl1 itself. An analogous function of Isl1 in establishing a subtype cell identity has been reported for motor neurons and retinal horizontal cells [81] [82] [83] [84] [85] .
Growing evidence suggests that Isl1 expression persists in a small set of differentiated myocytes in fetal and adult hearts [86] [87] [88] [89] [90] . These cardiomyocytes coexpress Hcn4, are localized in the SAN region [86, 88] , and derive from Isl1-expressing progenitors, as demonstrated by lineage tracing experiments [26, 87] . Moreover, studies in zebrafish indicated a critical role of Isl1 in pacemaker function [91, 92] . Isl1 was identified as a Shox2 downstream target gene and rescued Shox2mediated bradycardia in zebrafish [67] . It is therefore possible that Isl1 exerts a similar role in pacemaker cells of the mammalian heart as well.
Several approaches using pharmacological treatment have been undertaken to generate SAN cells from ESCs, including EBIO, suramin, and anti-NRG-1b [34, 80, 93] . All compounds led to an enrichment of Hcn4 alongside with Tbx3 and/or Tbx2, which are key regulators of SAN development [40, [94] [95] [96] . Tbx3 has been shown to impose pacemaker function on both embryonic atrial myocytes and adult terminally differentiated working cardiomyocytes [95, 97] . An overlapping expression pattern of Tbx2 and Tbx3 during early cardiac development and functional equivalence in repressing markers of working myocardial differentiation, such as Nppa and Cx40, has been demonstrated [39, 40, 94] . Our data suggest that in Isl1OE cardiomyocytes Tbx2 rather than Tbx3 is implicated in the suppression of chamber-specific genes Nppa and Cx40, since only Tbx2 was upregulated in Isl1OE cells.
CONCLUSIONS
In summary, our findings from Nkx2-5-and Isl1-overexpressing mouse ESCs as well as conditional Nkx2-5 knockout and Isl1gain-of-function mouse and Xenopus models suggest a repressive role of Nkx2-5 on Isl1 expression, which may act as a molecular switch that determines cardiomyocyte lineage fate. These results provide novel insights into cardiac specialization and may be useful for directing cardiomyocyte in vitro differentiation toward specific subpopulations for disease modeling or regenerative approaches.
